INTRODUCTION
============

Aging, trauma and other biological conditions like or osteogenesis imperfecta, osteomalacia, bone metastasis and osteoporosis can affect bone physical properties. Among them, osteoporosis is the more common disease and is characterized by bone mass loss, affecting the microarchitecture of cortical and trabecular bone leading to increased susceptibility to fracture caused by low-impact trauma. Such injury may lead to disability, morbidity and mortality of individuals. From the health system point of view, it represents a financial cost as for instance, in USA, more than 2 million fractures were associated with osteoporosis in 2005 and it is estimated that the number of cases will increase up to 3 million in 2025.[@B1]

Densitometry is the gold standard for diagnosis of osteopenia, osteoporosis and bone tissue evaluation. Its advantages are the relative low cost and low radiation exposure. The quantitative computed tomography (QCT), despite offering results that are more accurate, is more expensive and demands higher X-ray exposure. The criterion for human osteoporosis diagnosis is a bone loss of 25% or more than 2.5 standard deviations below the average of bone loss regarding age and sex.

Quantitative ultrasound (QUS) methods can be an option for the diagnosis of diseases affecting bone tissue, as ultrasound propagation through tissue is dependent of the composition and architecture of the material. Indeed current literature describes several QUS techniques applied to trabecular bone.[@B2] However, QUS is not yet able to diagnose osteoporosis with the same accuracy of bone densitometry[@B3] or QCT. The potential advantage of QUS compared to bone densitometry for characterization of bone fragility and fracture risk is its stronger relation to bone mechanical properties.[@B4] Densitometry uses density to indirectly estimate bone fragility. Moreover, QUS can estimate different tissue parameters from its interaction with ultrasound,[@B5] while bone densitometry estimates only a parameter related to X-ray attenuation. The cortical bone constitutes 80% of the skeleton, which is affected by osteoporosis[@B6] and injuries, but its assessment by US is poorly explored. Transmission-reception techniques, pulse-echo and B-mode images are valuable techniques for cortical bone assessment. Kotha *et al*.[@B7] after analyzing ultrasound reflection signal, estimated the acoustic impedance of bovine cortical bone and correlated it with indicators of bone mechanical properties. Fontes-Pereira *et al*.[@B8] presented the possibility to characterize femur diaphysis of rats in vivo by the ultrasonic pulse-echo method associated with wave reflection and backscattering.

The high density of cortical bone makes its US exploration notable by high reflections signals at interface bone/soft tissues. Exploring reflection properties can be useful in assessing the composition and characteristics of cortical bone, offering additional data for bone characterization.

The aim of this work was to evaluate the relation between ultrasonic reflection and the density of bovine cortical bone. The reflection was characterized by Integrated Reflection Coefficient (IRC) and compared to QCT values.

MATERIALS AND METHODS
=====================

Bovine Samples
--------------

Three samples from *ex vivo* bovine cortical femoral bone extracted from five animals aging ranging from 2 to 3 years old. Each sample is a cross-sectional segment 3-cm thick kept at −16.5 °C before the experiment. The sliced surface was divided in four quadrants to promote a signal acquisition distributed in all regions. QUS and QCT parameters were estimated for five points at each quadrant and compared each other ([Figure 1](#f1){ref-type="fig"}).

![QCT image with the four quadrants division. Square windows are the regions of US signal acquisition. QCT mean values (HU) were estimated for the same regions.](1809-4406-aob-26-04-0255-gf01){#f1}

Quantitative Computed Tomography acquisition
--------------------------------------------

The QCT images obtained with 75 kVp and 145 mA, through a Triumph II microPET/SPECT/CT equipment (Trifoil imaging, Northridge, Chatsworth, CA, USA) were processed with Osirix software. Bone density (Hounsfield Units - HU) was estimated for five non-overlapping 3 x 3 mm squared areas of each quadrant along the most superficial image layer of bone. The pulse-echo ultrasound signals were acquired in these same areas.

Experimental setup and US signal acquisition
--------------------------------------------

A SR9000 pulse generator (Matec^®^ Inc., Hopkinton, MA, USA) excited a US transducer (model V326, Olympus^®^ NDT Inc., Waltham, MA, EUA) with 5 MHz nominal frequency, 9.5-mm diameter and 2.1-mm focus diameter. The transducer was immersed in 24.5°C degassed water tank pointing to the sample cross-section surface positioned at focal length of 70 mm.

The acquisition of five signals was made for each of the four marked areas using 2.0 mm step displacement of ultrasonic beam along the sample surface performing 20 signals per sample. A reference signal was collected from a polished steel reflector, positioned at the same focal distance.

The echo signals were acquired on an oscilloscope (model TDS 2024B, Tektronix^®^ Inc., Beaverton, OR, USA) and further, transferred to a microcomputer to be processed by a program developed in Matlab® (MathWorks Inc., Natick, MA, USA) ([Figure 2](#f2){ref-type="fig"}).

![Experimental setup for US signal acquisition. A - Pulse generator; B -- US transducer; C -- cylindrical disc sample of bovine bone; D -- Polished steel reflector; E -- Acoustic tank; F -- Oscilloscope; G -- Microcomputer; H - cortical bone ultrasound signal; I - reference steel plate signal.](1809-4406-aob-26-04-0255-gf02){#f2}

Measurement of ultrasound parameter
-----------------------------------

A Hamming window selected the steel echo from reference signal. The limits of the selected signal were defined by choosing the most distant points with 10% of peak value for each side. A window with the same dimension selected the reflection echo from the water/bone interface for each sample.

The US parameter IRC -- Integrated Reflection Coefficient were estimated from the RTF - Reflection Transfer Function ([Equation 1](#eq1){ref-type="disp-formula"}).
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where *P~specimen~* e *P~reference~* are power spectra of sample and reference signal, respectively.

[Equation 2](#eq2){ref-type="disp-formula"} estimates the IRC value for each signal:
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where *f~low~* and *f~high~* are the inferior and superior frequency limits of bandwidth transducer at −6 dB of peak value. The IRC indicates the quantity of energy reflected from bone surface.

Statistical analysis
--------------------

The Kolmogorov-Smirnov and equal variance tests were used to check normality. The statistic tests were implemented in SigmaStat 3.5 (Systat Software, Inc., San Jose, CA, USA). Pearson\'s correlation coefficient was used to quantify the correlation between the parameter and density (HU) from QCT.

RESULTS
=======

The Pearson\'s Correlation (R) and p-values between IRC and QCT for each point are presented in [Table 1](#t1){ref-type="table"}. [Figures 3](#f3){ref-type="fig"} to [7](#f7){ref-type="fig"} display examples of normalized curves with different correlation of IRC and QCT to show the behavior of values.

![Twenty values of IRC and QCT from sample 1A (normalized scale). This sample presented the higher R-value: 0.86.](1809-4406-aob-26-04-0255-gf03){#f3}

![Twenty values of IRC and QCT from sample 2B (normalized scale). Figure show the similarity of plateaus formation on samples every five points according to signal acquisition characteristics. R-value of 0.63.](1809-4406-aob-26-04-0255-gf04){#f4}

![Twenty values of IRC and QCT from sample 3A (normalized scale). IRC values have a fluctuation for the first 15 points and grow when the density is higher on last five points. R-value of 0.76.](1809-4406-aob-26-04-0255-gf05){#f5}

![Twenty values of IRC and QCT from sample 1B (normalized scale). The curves present a weak correlation (R-value 0.14). It is possible observe a shift on IRC values that happen in between the sequences of five points obtained at each quadrant.](1809-4406-aob-26-04-0255-gf06){#f6}

![Twenty values of IRC and QCT from sample 4B (normalized scale). Even with weak correlation (R = 0.01), values present similar curves between five points sequences, from 6 to 10 and 11 to 15, when the signal acquisition is closer.](1809-4406-aob-26-04-0255-gf07){#f7}

###### R and p-values of Pearson correlation values between IRC and bone density from QCT, point to point for each bone samples of each animal.

  Animal   Sample   Pearson   
  -------- -------- --------- ----------
  1        A        0.86      0.000001
  B        0.14     0.561     
  C        0.51     0.02      
  2        A        0.33      0.153
  B        0.63     0.003     
  C        0.02     0.929     
  3        A        0.76      0.0001
  B        0.74     0.0001    
  C        0.38     0.097     
  4        A        0.60      0.005
  B        0.01     0.974     
  C        0.63     0.002     
  5        A        0.19      0.415
  C        0.48     0.031     

High R-values indicate high correlation between US parameters with QCT values. It has high correlation for IRC parameter at seven of 14 bones.

DISCUSSION
==========

The use of commercial bovine bones has the advantage of low cost and easy acquisition from animals with rigorous food and health administration, regular age and gender. Bovine bones allow the investigation of US parameters in bones with dimensions, shape and composition similar to humans. A thicker tissue sample ensures transducer alignment with the region of interest of the sample, which is difficult with other smaller animals like rats or rabbits.

QUS parameters often characterize properties such as the speed of sound propagation, attenuation and backscatter. The high-density characteristic of cortical bone causes a high reflectivity and very few scattering, compared to trabecular bone.[@B9] The setup for the parameters estimation is very similar to those used on backscattering.[@B10] Many QUS studies in bone tissue characterization made parameters estimation by the average value of many signals for a tissue area or volume, but bone is a heterogeneous material with a great difference between nearby areas. Its variation depends on anatomy and modifications caused by nutrition and mechanical forces exerted on tissue, like compressive stresses and pulls tendon insertions that promote the osteons density and organization. The density variation produces a large range of values for both parameters. For QCT, the mean value was 3098.6 ± 356 HU and for IRC was −5.43 ± 3.31 dB. All R-values were positive values what indicates a trend of increasing IRC value as bone density increases, which is consistent with theory,[@B11] since the higher the bone density is, the higher should be the reflection. Pearson correlation coefficients between IRC and QCT values ([Table 1](#t1){ref-type="table"}) were positive for all samples, and seven of fourteen samples have R \> 0.5, designating strong correlation (p \< 0.05).

[Figures 3](#f3){ref-type="fig"}, [4](#f4){ref-type="fig"}, and [5](#f5){ref-type="fig"} display high correlated curves.[@B12] While QCT curves show a smooth fluctuation of values, IRC presents stronger variations, but always reasonably following the tendency of QCT. In [Figures 3](#f3){ref-type="fig"} and [4](#f4){ref-type="fig"}, plateau formations are notable after an abrupt change occurring every five points. This change occurs probably because signal acquisition jumps to another quadrant of bone. IRC seems to distinguish these jumps as well as the flat areas caused by signals from close sites.

It is visually recognizable, even at samples with weak correlation, the few oscillations at QCT values reproduced by IRC values, principally between signals acquired in sites close to each other. When considering the quadrants individually, the same tendency on values of QCT and IRC is seen at many segments as shown in [Figures 6](#f6){ref-type="fig"} and [7](#f7){ref-type="fig"}. Probably the low R-values in both figures are caused by the great shift of values between quadrants. The cause of this shift is still not clear.

For the first fifteen values in [Figure 5](#f5){ref-type="fig"}, there is a stronger oscillation of IRC as compared to QCT values. For the last five points (denser region), both curves have a similar behavior. The study of other material properties aspects may help elucidate this higher floatability of IRC values. For instance, an interesting investigation could be the relation of porosity and decalcification (by the use of EDTA) associated with transducer frequency and beam shape variations.

The density and diameter of Haversian system (called osteons) in bovine bones are similar to humans. A particularity of bovine cortical bone is the great quantity of plexiform bone found in large mammals, but rare in humans.[@B13] The plexiform bone presents a plate aspect, similar lamellar structure, denser blood plexus and an array of osteons in longitudinal, radial and circumferential directions.[@B14] The signals acquisition made centrally on the cross-section surface of bone minimized the influence of plexiform bone, mostly localized in the periosteum. The Haversian canals in the bone samples have axial orientation. The osteons orientation is important for bone anisotropy, especially for in vivo applications.

Sasso et al.[@B6] found anisotropy evidence for the values of Broadband Ultrasound Attenuation in bovine bones when the signals were collected axial, transverse and tangentially to the bone structure. Trebacz and Gadwa[@B15] have also detected anisotropic properties in cortical and trabecular bone, this time with the parameters propagation speed and attenuation.

In our study the US propagation was chosen to be along and not across the bone axis.

The advantage of this approach adopted to validate the reflection parameters is to avoid the external surface of the bone. The surface shape is usually convex and the effect of convexity is determined by the relationship between the radius of curvature of the bone region of interest and the diameter of the ultrasonic beam at the distance between sample and transducer. Reflection is proportional to the radius of curvature and, in the case of bone, varies according to the examined site. The signal acquisition taken from a plain cut surface in the present study was design to avoid the effect of bone surface curvature.

Moreover, techniques can be developed to compensate the curvature effects, as Lakshmanan et al.[@B16] used a rotational stage to study the reflection of a cylindrical shaped bone.

Our study intents to contribute to the development of non-invasive and low-cost methods to evaluate local bone density. We have specially investigated the relationship between bone density and ultrasound reflection of flat surface cortical bone.

Our results indicate that the reflection parameter IRC was sensible to healthy bone density variation and presented strong to moderate values correlated to QCT for the majority of the samples. So, it is worth to continue to explore its potential applicability to evaluate and monitor conditions that affect bone surface mineral density.

CONCLUSION
==========

The proposed protocol and Integrated Reflection Coefficient (IRC) calculated demonstrated the IRC was sensible to bone density variation.
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